The present work is an attempt to integrate the molecular simulation studies with in vitro cytotoxicity of cytarabine-loaded chitosan nanoparticles and exploring the potential of this formulation as therapeutics for treating solid tumours. The molecular simulation was performed using GROMACS v5.4 in which, chitosan polymer (CHT; six molecules) was used to study the encapsulation and release of a single molecule of cytarabine. Root Mean Square Deviation (RMSD) of the Cα atom of cytarabine (CBR) molecule shows that CBR starts to diffuse out of the CHT polymer binding pocket around 10.2 ns, indicated by increased fluctuation of RMSD at pH 6.4, while the drug diffusion is delayed at pH 7.4 and starts diffusing around 17.5 ns. Cytarabine-loaded chitosan nanoparticles (CCNP), prepared by ionic gelation method were characterized for encapsulation efficiency, particle size and morphology, zeta potential, crystallinity and drug release profile at pH 6.4 and 7.4. CCNPs showed 64% encapsulation efficiency with an average diameter of 100 nm and zeta potential of + 53.9 mV. It was found that cytarabine existed in amorphous state in nanoformulation. In vitro release studies showed 70% cytarabine was released from the chitosan-based nanoformulation release at pH 6.4, which coincides with the pH of tumour microenvironment. Cytotoxicity against breast cancer cell line (MCF 7) was higher for nanoformulation compared to free cytarabine. Haemocompatibility studies showed that chitosan-based nanoformulation is safe, biocompatible and nonhaemolytic in nature; hence, can be used as a safe drug delivery system. Taken together, our study suggests that chitosan nanoformulation would be an effective strategy for the pH-dependent release of cytarabine against solid tumours and might impart better therapeutic efficiency.
Introduction
Cytarabine (1β-arabinofuranosylcytosine, Ara-C), a synthetic nucleoside analogue approved by FDA for the treatment of myeloid leukaemia, non-Hodgkin's lymphoma and meningeal leukaemia, was originally isolated from a Caribbean sponge Tethya crypta (Thomas 2009 ). Cytarabine gets phosphorylated inside the cell by deoxycytidine kinase to an active cytosine arabinoside triphosphate which competitively inhibits DNA polymerase and DNA repair mechanism. It has been reported that cytarabine has limited activity against solid tumours due to the high expression level of cytidine deaminase, an enzyme that degrades cytarabine (Kojima et al. 2002) . Cytarabine rapidly gets deaminated to biologically inactive uracil derivative and thus necessitate a continuous infusion for the treatment. However, the overdosing of cytarabine might cause the development of drug-resistant cells with diminished sensitivity and other toxic side effects on normal tissues (Chhikara and Parang 2010) . Short plasma halflife due to rapid deamination, low bioavailability, drug resistance and side effects due to overdosing limits the therapeutic index of cytarabine which can be improved by nanoformulation (Liu et al. 2017) . Nanotechnology-based 1 3 493 Page 2 of 11 drug delivery offers targeted drug delivery of anticancer agents into tumour cells through passive targeting or active targeting. It prolongs the circulation half-life of the drug and improves the accumulation of nanosized drug in the extravascular space of tumours due to the Enhanced Permeability and Retention effect (EPR effect) (Gowda et al. 2017) . EPR effect could be used for the accumulation of nanoparticle in tumours where vessel density is higher when compared to normal tissues which imparts tenfold increase in drug retention when compared to free drug (Singh et al. 2012) . Studies have shown that delivery of phosphorylated nucleoside analogues in vectorized nanogels diminish the cytopathic effects of chemotherapy by reducing drug concentration (Galmarini et al. 2010) . Encapsulation of the cytarabine in a biodegradable polymeric matrix ought to protect the drug from enzymatic degradation and to enhance the drug accumulation in tumour tissues.
Biodegradable drug delivery systems based on natural polymers are promising vectors for controlled and prolonged delivery of anticancer compounds (Joshy et al. 2017) . Polysaccharides invite special attention in drug delivery as they possess desirable characteristic features such as biocompatibility, biodegradability and low immunogenicity (Posocco et al. 2015) . Chitosan, a cationic polysaccharide has been extensively used in pharmaceutical applications due to its unique structural characteristics such as mucoadhesivity and pH sensitivity due to the presence of large number of amino groups (Prabaharan 2015) . Besides, being a glucosamine-containing polymer, chitosan is amenable for surface modification due to the presence of reactive amino and hydroxyl groups at C-2 and C-6 positions, respectively. Chitosan nanoparticles catch special attention in drug delivery purposes due to the better stability, low toxicity and protection of molecules from degradation (Yang et al. 2014) . Chitosan nanoformulations are widely used for pH-sensitive drug delivery purposes to attain sustained or controlled drug release (Sinha et al. 2004) . The slow biodegradation of chitosan permits controlled and sustained release of loaded moieties, reduces the dosing frequency and hence useful for improving patient compliance (Rajitha et al. 2016) .
Compatibility between drug and polymer is important for the efficient encapsulation and delivery of the drug molecule. Molecular docking along with molecular dynamics simulations is used as a predictive tool to study drug-polymer interactions and preferred orientation to form stable complex which helps to design a suitable drug carrier for cytarabine (Yadav et al. 2018) . In this study we analysed the potential of chitosan to encapsulate cytarabine and its ability to release the payload at pH 6.4 and 7.4, which corresponds to the pH of tumour microenvironment and physiological pH of blood, respectively.
Materials and methods

Materials
Cytarabine (CBR) was purchased from Tocris Bioscience, UK. Chitosan, medium mol. wt. (degree of acetylation of 85%), sodium tripolyphosphate (TPP) and MTT were procured from Sigma, India. All other chemicals used were of analytical grade. Cell lines, MCF-7 and L929, for the study were obtained from the National Centre for Cell Sciences (NCCS) Pune, India.
In silico studies
Encapsulation of cytarabine (CBR) with chitosan (CHT) oligomer and its release at pH (6.4 and 7.4) were investigated by molecular dynamic simulation. Chitosan oligomer consisting of six randomly distributed monomer units was selected. The CBR molecule was placed inside the CHT oligomer without any constraint. Therefore, the all-atom system consists of a CHT oligomer in which the encapsulation of CTB before its release from the inner space of CHT was studied. The structure of CHT (CID:71853) and CTB (CID:6253) were downloaded from Pubchem database [https ://pubch em.ncbi.nlm.nih.gov/]. Force field parameters of CHT and CTB were obtained from PRODRG2 server (Schüttelkopf and Van Aalten 2004) . United-atom force field GROMOS 53a6 implemented in GROMACS v5.1.4 (Abraham et al. 2015 ) was used to model atomic interactions. As initial configurations, CTB was aligned along the centre of 6 CHT monomer units and separated sufficiently far away (> 3 nm) to minimize the effect of starting orientations. The system was solvated with SPC216 water molecules; the charge of the system was set neutral and the energy was minimized using the steepest descent method. During the simulation, the temperature was kept constant at 323 K using a Nosé-Hoover thermostat (Martyna et al. 1992 ) and the pressure was kept constant at 1 bar using the Parrinello-Rahman barostat (Parrinello et al. 1980) . The long-range electrostatic interaction was calculated with the particle mesh by Ewald method (Essmann et al. 1995 ) with a cutoff of 1.0 nm, while electrostatic interactions between charged groups within 0.9 nm were calculated explicitly. A smooth 0.9 nm cutoff for the van der Waals interactions were calculated using Lennard-Jones potential. LINCS algorithm (Hess et al. 1997 ) was used to constrain all bond lengths, including those to hydrogen atoms with a time step 2 fs for the integration of motion equation in both equilibration and production runs, whereas the water geometry was constrained using SETTLE (Miyamoto and Kollman 1992) .
All the systems were equilibrated under NPT conditions by 1 ns after energy minimization to remove close contacts, where CTB, CHT and water molecules could relax. After equilibrium, the simulations were run for 20 ns, with coordinates saved every 100 ps. The molecular simulation studies were followed by wet lab experiments to integrate the result.
Synthesis of cytarabine-loaded chitosan nanoparticles
Cytarabine-loaded chitosan nanoparticles (CCNP) were prepared by the ionic gelation method described by Calvo et al. (1997) . Briefly, 1% chitosan solution (w/v) was prepared in glacial acetic acid and the pH was adjusted to 5.5 using 0.1 N NaOH. A known amount of cytarabine was added to the prepared chitosan solution followed by TPP solution (0.8%) under magnetic stirring which was continued for 60 min at room temperature. The resultant suspension was then centrifuged for 30 min at 20,000 rpm. Supernatant was collected, and the pellet was washed repeatedly with distilled water. The obtained chitosan nanoparticle suspension was freeze-dried at − 70 °C for 48 h. Blank nanoparticles were prepared using the same methods but devoid of cytarabine.
Particle morphology, hydrodynamic diameter and zeta potential
The morphology and mean diameter of prepared nanoformulation were studied using High-Resolution Transmission Electron Microscopy (HR-TEM) (JEOL, JEM 2100). The nanoparticle suspensions were sonicated to prevent particle aggregation to obtain uniform dispersion and further loaded on a copper grid and observed after drying. The hydrodynamic diameter, polydispersity index and zeta potential of the nanoparticles were analysed by dynamic light scattering (DLS) technique based on photon correlation spectroscopy (Horiba Scientific, Nanopartica, Nanoparticle analyzer SZ-100, Japan). The measurement was done at 25 °C with scattering angle of 90°.
Encapsulation and loading efficiency
The encapsulation and loading efficiency of CCNPs were determined by measuring the absorbance at 277 nm using UV-Visible spectrophotometer. Two approaches were followed for this; an indirect method, in which the concentration of unentrapped cytarabine was measured and a direct method where the estimation of cytarabine present in the re-dispersed pellet obtained after centrifugation were quantified. The loading and encapsulation efficiencies were calculated using the formula given below, where, W 0 is the weight of entrapped cytarabine, W 1 is the initial weight of cytarabine and W is the weight of chitosan nanoparticles.
Fourier transform-infrared spectroscopy (FT-IR)
The FT-IR spectra of pure cytarabine (CBR), cytarabineloaded chitosan nanoparticles (CCNP) and blank nanoparticles (BL) were obtained with a FT-IR spectrophotometer (Thermo Nicolet, Avatar 370) using 32 scans at a resolution of 4 cm −1 in the range of 4000-400 cm −1 .
DSC, TGA and XRD
The physical state of cytarabine, cytarabine-loaded chitosan nanoparticles and blank were studied in a differential scanning calorimeter (DSC 60 plus, Shimadzu, Japan). Samples were crimped and heated from 25 to 400 °C at a rate of 10 °C/min under nitrogen flow at a rate of 25 ml/min. Thermo gravimetric analysis of cytarabine, blank chitosan and CCNPs were studied using Perkin Elmer, Diamond TG/ DTA system. TG curves were obtained by heating the samples at 20 °C/min from 40 °C to 740 °C under a nitrogen flow. The crystalline nature of the drug-loaded samples were also studied by measuring 2θ range of 5-50° powder X-ray diffraction (PXRD) by Bruker AXS D8 Advance with copper as source.
In vitro release kinetics
The cumulative release of cytarabine from CCNP was studied at pH 6.4 and 7.4. Chitosan nanoparticles of concentration 1 mg/1 ml were dispersed in phosphate buffer of pH 6.4 and 7.4. The CCNP were dialyzed (MW cut off-10,000 Da) in 10 ml of release buffer at 37 °C for 72 h. At predetermined intervals, 1 ml of sample was taken and used the concentration of cytarabine released was calculated by UV spectrophotometry at 277 nm. The experiment was carried out in triplicate and percentage of cumulative release was calculated and statistically analysed using GraphPad Prism 7.
To identify the kinetics and mechanism of release of cytarabine from chitosan nanoparticles, the data obtained from cumulative release were fitted into Korsmeyer Peppas
where Mt/ M ∞ is the fraction of drug released at time 't' with respect to amount of drug released at infinite time, k is the rate constant and n is the diffusional exponent (Korsmeyer et al. 1983 ).
Haemocompatibility studies
The haemolysis assay and RBC aggregation experiment were used to investigate the blood compatibility of chitosan nanoparticles according to the prescribed method (Augustine et al. 2017) . The RBCs were separated by centrifuging anticoagulated blood at 800 rpm for 5 min and diluted with PBS. For haemolysis assay, 100 µl of nanoparticle suspension was incubated with diluted blood at 37 °C for 1 h. Normal saline and distilled water were used as negative (0%) and positive (100%) control, respectively. The samples were incubated for 1 h at 37 °C and centrifuged at 800 rpm for 5 min. The absorbance of released haemoglobin in the supernatant was measured at 541 nm by UV-Vis spectrophotometer. The haemolysis percentage was calculated as per the Eq. 3.
RBC aggregation studies were conducted by incubating 100 µl of diluted RBCs with 100 µl of nanoparticle suspension for 1 h at 37 °C along with positive and negative controls. Normal saline was used as negative control and polyethylene imine (PEI) was used as positive control, respectively. Aggregation of RBC was observed under phase contrast microscope (Leica, Germany) at a magnification of 40×
Cytotoxicity studies
The cytotoxicity of cytarabine and cytarabine-loaded chitosan nanoparticles against MCF-seven cells (human breast adenocarcinoma cell line) and L929 cells (mouse fibroblast cell line) were studied by MTT assay (Alley et al. 1988) . The cells were grown in DMEM and seeded in 96-well plate with a density of 1 × 104 cells per well and kept at 37 °C in 5% CO2 humidified incubator. The cells were treated with different concentrations (0.025-0.4 µM) of blank chitosan nanoparticles, cytarabine and cytarabine-loaded chitosan nanoparticles for 72 h. After incubation, the media were replaced and 20 µL of MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide) (5 mg/1 ml) was added to each well and incubated for 4 h. After incubation, the media were removed and 200 µL of DMSO was added to each well to dissolve the formazan crystals and plates were read at 540 nm in a microplate reader. The percentage of cell viability was calculated by the following equation:
(3)
Statistical analyses
All experiments were done in triplicate and all values were expressed as mean ± SE. Statistical analyses were done by Student's t test and results were considered statistically significant if the p value was less than 0.05 (95% confidence level).
Results and discussion
In silico studies
The cytarabine (CBR) and chitosan (CHT) aggregation process and their interactions were studied with the aid of molecular dynamics simulations. The behaviour of the system was studied for 20 ns to interpret the molecular details of CBR encapsulation and release process.
CBR encapsulation
We analysed the formation of hydrogen bonds on the simulation trajectories, to better describe the CBR-CHT interactions. After equilibration, snapshots extracted from the trajectory at an interval of every 100 picoseconds (ps) of the entire 20 ns simulation time and the hydrogen contacts between CBR and CHT polymer were recorded at a distance < 0.35 nm. Molecular dynamics simulations show that the encapsulation process of CBR attached to CHT driven mainly by intermolecular hydrogen bonding accomplished by their interaction. A comparison of CBR/CHT encapsulation via hydrogen bonds indicate a higher density of hydrogen contacts at pH 7.4 and accounts for 62% of H-bonds, while the interaction comprises 38% of H-bonds at pH 6.4. They are evident through the number of hydrogen contacts and the diffusion time calculated during the simulation as shown in Fig. 1a . The increase in the intensity of hydrogen contacts indicates that the interaction of CBR with the inside of CHR polymer was stronger in pH 7.4 than at pH 6.4. Moreover, the existence of numerous hydrogen bond between CBR/CHT mediated by a water molecule at pH 7.4 (58% H-bonds) makes the aggregation more stable (Fig. 1.b) . These findings imply that CBR/CHT aggregate into a compact structure with the help of hydrogen bonds.
CBR release
During the transition, the CHT monomers undergo conformational changes, thereby displacing the CBR from the binding moiety. The diffusion of the CBR verified by RMSD (4) Cell viability (%) = Absorbance of sample Absorbance of control × 100
profile indicate the magnitude of displacement and found distinct at both pH conditions. Figure 1 .c shows the RMSD plot wherein the release of CBR from the CHT polymer in pH conditions (6.4 and 7.4) occurs at a relatively distinct time to the total simulation interval. From the visual inspection of the position of CBR as shown in Fig. 1d , e, it is apparent that the diffusion of CBR occurs at a time scale of 10.2 ns at pH 6.4; whereas in the case of pH 7.4, the dissemination of CBR impedes to get released at a time scale of 17.5 ns. Thus, RMSD plot reveals that the CBR could diffuse rapidly outward of the CHT polymer at pH 6.4; nevertheless, this does not happen swiftly in pH 7.4. A higher pattern of associated hydrogen bonds found in CBR/CHT configuration could infer the delayed release of the CBR from CHT polymer at pH 7.4 as displayed in Fig. 1 .f. 
Characterisation of cytarabine-loaded chitosan nanoparticles
Cytarabine-loaded chitosan nanoparticles (CCNPs) were prepared by ionic crosslinking method described by Calvo et al. (1997) in which the amino group of chitosan was crosslinked by anionic tripolyphosphate (Hamidi et al. 2008) . Nanoparticles were formed immediately upon mixing of the alkaline anionic TPP containing cytarabine with chitosan in acidic phase. Ionic gelation method is ideal for hydrophilic molecules like cytarabine that it can easily be incorporated in the initial chitosan and or TPP solution by reversible interactions such as hydrogen bonds, and vander Waal's forces (Bugnicourt and Ladavière 2016) . Encapsulation and loading efficiencies of cytarabine in chitosan nanoparticles were found 64.84 + 0.83% and 34.8 + 0.595%, respectively. Molecular dynamics studies authenticate favourable interaction of chitosan with cytarabine through hydrogen bonds. The morphology and size of prepared nanoparticles were studied using transmission electron microscopy (TEM). TEM image shows that the particles are roughly spherical in shape with an average diameter of 60-100 nm (Fig. 2a, b) . However, the hydrodynamic diameter obtained from dynamic light scattering was found to be 314.2 nm with a polydispersity index of 0.481 and zeta potential + 53.9 mV (Fig. 3a, b) . DLS measures the hydrodynamic diameter of the particle while physical core size was measured by TEM. Generally, the size measured from DLS is higher than the size obtained from TEM because the sample was measured in dried form under ultrahigh vacuum condition (Bhattacharjee 2016) . The increase in size obtained by DLS might be due to the swelling of chitosan during the dispersion in water and this behaviour has been also reported by other researchers (Keawchaoon and Yoksan 2011). Drug carriers ranging in size from 10 to 500 nm are favourable for nonspecific targeting of therapeutics through enhanced retention and permeability (EPR) effect (Bae and Park 2011). The particle size less than 500 nm favours prolonged circulation time escaping the clearance of nanoparticles by phagocytic uptake (Hashad et al. 2016) . Cytarabineloaded chitosan nanoparticles showed a high positive zeta potential value with low PDI indicates a stable monodisperse solution (Fig. 3b) . Zeta potential of the prepared nanoformulation was higher than + 30 mV indicating a stable colloidal solution and the high positive charge on the surface might prevent the aggregation of particles (Honary and Zahir 2013) . The hydrodynamic diameter and zeta potential of the drug-loaded chitosan nanoparticles remained same after lyophilization and redispersion which indicates the stability of prepared nanoformulation. The nanoparticles were well reconstituted in deionised water without the aid of cryoprotectants. The high positive surface charge would enhance the binding of cytarabine-loaded chitosan nanoformulation with the negatively charged mucosal surfaces which enables the delivery of cytarabine on the targeted tissues.
FT-IR spectra of pure chitosan, cytarabine and CCNPs are shown in Fig. 4a . Pure chitosan shows characteristic peaks at 3416 (-OH and -NH stretching), 2879 (-CH stretching) and 1656 cm − 1 are attributed to the CONH 2 (amide I). Pure cytarabine exhibits peak at 3472, 3438, 3355, 3260 (-OH and -NH stretching), 3078 (aromatic C-H stretching), 2932 (-CH stretching), 1656 (C=O stretching), 1581, 1480 (C=N and C=C stretching), 1276, 1110, 1069 (C-O) stretching and 891 cm − 1 (aromatic C-H bending). The loading of cytarabine into the chitosan nanoparticles, the -OH and -NH stretching peaks at 3416 and 1656 has been shifted to 3361 and 1648, respectively. Further, appearance of peaks at 3076 and 891 cm-1 of aromatic C-H stretching and bending vibrations in drug-loaded chitosan nanoparticles indicate the successful entrapment of cytarabine.
Thermoanalytical methods, such as DSC and TGA are used to analyse the interactions between drug and polymer in nanoformulations. The thermograms obtained by DSC are shown in Fig. 4b . Pure cytarabine showed a sharp endothermic peak at 220.16 °C. The thermal spectra of void and drug-loaded chitosan nanoparticles showed similar endothermic peaks at 60 °C to 80 °C and 250 °C to 260 °C. However, the sharp peak shown by pure cytarabine was absent in the nanoformulation suggested that cytarabine was dispersed as amorphous state in chitosan matrix. Thermal stability and weight loss of cytarabine, blank chitosan nanoparticles and CCNPs were studied and represented in Fig. 4c . Nanoparticles underwent two step mass losses, one at below 100 °C and another one at the ranges of 200-350 °C, which could be attributed to the evaporation of water and degradation of polysaccharide structure. The low mass loss for pure cytarabine indicated that thermal stability of cytarabine was decreased after encapsulation. The DSC and TGA data ensure the successful entrapment of cytarabine in chitosan matrix. PXRD was also conducted to study the physical state of cytarabine in the prepared formulations. X-ray diffraction pattern of pure chitosan showed two distinct peaks at 2Ɵ of 9.383 and 19.930 ( Supplementary Fig. 1 ) while in the case of chitosan nanoparticles, there was an observed shift in peak position and broadness of peak. The change in diffractogram indicates the transition of crystalline structure of chitosan. For cytarabine-loaded chitosan nanoparticles, absence of sharp peaks confirms the amorphous state of cytarabine. The transition of crystalline to amorphous state of the formulation might enhance its solubility.
In vitro release kinetics
In vitro release profile of cytarabine from chitosan nanoparticles was studied in phosphate buffers with pH 6.4 and 7.4 which represents pH of tumour microenvironment and blood, respectively. The release of cytarabine from chitosan nanoparticles showed a biphasic pattern in which there was an initial burst followed by a phase of slow release. It was found that 40% of the drug was released within 24 h at pH 6.4 and 7.4 at 37 °C followed by a slow and sustained release. After 72 h, 70.82% of the cytarabine was released at pH 6.4 and 64% was released at pH 7.4 (Fig. 5) . A spike in the drug release observed during the initial hours could be attributed to the release of drug molecules adhered on the surface of chitosan nanoparticle followed by a sustained release favoured by diffusion of drug through polymer matrix. The release of cytarabine was higher at pH 6.4, the pH of tumour microenvironment, compared to physiological pH (p value < 0.05). The same mechanism has been reported that chitosan nanoparticles taken up by tumour cells showed faster release at pH surrounding the tumour (Vivek et al. 2013) . At lower pH, there is an increase in the pore size of swollen polymer network due to enhanced repulsion between chitosan polymer chains owing to the protonation of amino groups (Zhang et al. 2006) . Th pH-sensitive release of chitosan nanoparticles would be a desirable attribute favouring the release of cytarabine inside the solid tumours where the lower pH prevail compared to normal tissues. The slightly acidic microenvironment in the malignant tumours was due to the enhanced hypoxia and increased glucose metabolism. Thus, the pH-triggered release payload in the tumour environment significantly enhances the accumulation of such drug in the tumour tissue (Liu et al. 2013) .
The release of drug from chitosan nanoparticles occur through three mechanisms such as release from the particle surface, diffusion through swollen matrix and polymer erosion (Arifin et al. 2006 ). In few cases, the release occurs by combination of these mechanisms. The mechanism for the release of cytarabine was identified from the value of diffusional exponent obtained from Korsmeyer Peppas equation. The 'n' value obtained from Korsmeyer Peppas equation was 0.8704 for pH 6.4 and 0.8077 for pH 7.4 which indicates that the release of cytarabine from chitosan nanoparticles was following non-Fickian or anomalous diffusion pattern which could be attributed to the reversible swelling character of chitosan nanoparticles (Korsmeyer et al. 1986 ).
Haemocompatibility studies
Nanomaterials used in the systemic administration of therapeutics must be safe, biocompatible and nonhaemolytic. The prepared nanoformulation was evaluated for haemocompatibility using haemolysis assay and RBC aggregation. According to Standard Practice for Assessment of Hemolytic Properties of Materials from the American Society for testing and Materials (ASTM756, 2000), materials are classified as nonhemolytic (0-2% of hemolysis), slightly hemolytic (2-5% of hemolysis) and hemolytic (above 5% of hemolysis) (Kamat et al. 2015) . The hemolysis percentage for chitosan nanoparticles was found to be 0.019 ± 0.006% which indicates the prepared nanoformulation was nonhemolytic. The RBC aggregation represented in Fig. 6 showed that there was no aggregation in the treated sample whereas the PEI (positive control)-treated samples showed RBC aggregation. The hemolysis and RBC aggregation results showed that the prepared nanoformulation can be used as a safe drug delivery system. 
Cytotoxicity studies
The cytotoxicity was evaluated in human breast adenocarcinoma (MCF 7) and non cancerous cell line, L929 with pure cytarabine concentrations ranging from 0.025 to 0.4 µM and CCNPs with equivalent concentration of drug for an incubation period of 72 h. Untreated MCF 7 cells, as well as cells treated with blank chitosan nanoparticles served as control. The cell toxicity was measured by estimating the formation of formazan crystals formed by the reduction of tetrazolium component of MTT. The maximum cytotoxicity (61.9%) was reported with CCNPs at a concentration of 0.4 µM while the same concentration of pure cytarabine showed toxicity of 50.9% (Fig. 7) . The statistical analysis of these results showed that the cytotoxicity of cytarabineloaded chitosan nanoparticles was higher than pure cytarabine (p value ≤ 0.05). Interestingly, CCNPs showed more cytotoxicity towards MCF-7 cell than L929 cell line (Supplementary Fig. 2 ). Blank chitosan nanoparticles showed less cell toxicity which ensures the biocompatibility of chitosan. The increased cytotoxic effect of CCNPs might be due to sustained release of cytarabine at the slightly acidic pH prevailing in tumour cells. The enhanced internalization of nanosized CCNPs in tumour cells increases the concentration of active drug by EPR effect also contributed to the enhanced cytotoxicity (Maeda et al. 2000) . Solid tumours have a low intracellular pH due to hypoxia and increased glycolysis which led to pH-sensitive release of encapsulated drug (Liu et al. 2013) . Galmarini et al. (2008) reported that nanogel formulations of triphosphate forms of nucleoside analogues showed enhanced cytotoxicity against breast and colorectal cell lines. In vitro release studies and cytotoxicity studies showed significant correlation with the data obtained from molecular simulation studies. The release of cytarabine from nanoformulation at a pH of tumour microenvironment favours enhanced cytotoxicity of cytarabine in MCF 7 cell lines.
Conclusion
The present work evaluated the efficiency of chitosan nanoparticles as carrier for the controlled release of cytarabine in breast cancer cell lines with the aid of molecular simulation studies. Cytarabine-loaded chitosan nanoparticles prepared by ionic gelation method have a particle size of less than 400 nm favours EPR effect. In vitro release of cytarabine from chitosan nanoparticles showed sustained release of cytarabine with non-Fickian diffusion pattern while the release was found to be higher at pH 6.4. In vitro cytotoxicity studies in breast cancer cell lines showed the enhanced cytotoxicity of cytarabine nanoformulation compared to pure cytarabine. Also, chitosan nanoparticle showed pHsensitive release of cytarabine which enhances its selective accumulation in the tumour tissue than in normal tissues. Haemocompatibility studies showed that chitosan-based nanoformulation is safe, biocompatible and nonhaemolytic in nature hence can be used as a safe drug delivery system. Therefore, chitosan nanoformulation could be a promising strategy for improving therapeutic efficiency of cytarabine against solid tumours.
